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Akt

:   v‐Akt murine thymoma viral oncogene

EGFR

:   epidermal growth factor receptor

PDGF‐BB

:   platelet‐derived growth factor‐BB

PDGFRβ

:   platelet‐derived growth factor receptor β

RTK

:   receptor tyrosine kinase

SCF‐1

:   stem cell factor‐1

TKI

:   tyrosine kinase inhibitor

VEGFR1

:   vascular endothelial growth factor receptor‐1

VEGFR2

:   vascular endothelial growth factor receptor‐2

VEGFR3

:   vascular endothelial growth factor receptor‐3

VEGF

:   vascular endothelial growth factor

1. INTRODUCTION {#cas13536-sec-0001}
===============

Angiogenesis---the sprouting of new capillaries from pre‐existing blood vessels---is a complex process involving dissolution of the basement membrane, migration of endothelial cells, and formation of new capillary loops.[1](#cas13536-bib-0001){ref-type="ref"} Although vascular proliferation generally occurs only during embryonic development, angiogenesis has been shown to be a crucial step in tumor growth, invasion, and metastasis.[2](#cas13536-bib-0002){ref-type="ref"}, [3](#cas13536-bib-0003){ref-type="ref"} Persistent and unregulated angiogenesis is observed during tumor progression.[4](#cas13536-bib-0004){ref-type="ref"} Indeed, it has been shown that tumors cannot continue to grow without angiogenesis after they reach a size of \~1 mm^3^.[5](#cas13536-bib-0005){ref-type="ref"} Tumor cells easily acquire resistance during chemotherapy, whereas endothelial cells rarely acquire resistance because of their genetic stability.[6](#cas13536-bib-0006){ref-type="ref"} Thus, anti‐angiogenesis therapy targeting vascular endothelial cells in tumors is a promising therapeutic approach.[7](#cas13536-bib-0007){ref-type="ref"}, [8](#cas13536-bib-0008){ref-type="ref"} Accordingly, there has been continuing interest in studying and developing compounds that can inhibit the process of angiogenesis.[9](#cas13536-bib-0009){ref-type="ref"}

Vascular endothelial growth factor is the best‐characterized modulator of tumor angiogenesis, metastasis, and growth among all known angiogenic factors.[10](#cas13536-bib-0010){ref-type="ref"}, [11](#cas13536-bib-0011){ref-type="ref"}, [12](#cas13536-bib-0012){ref-type="ref"} The production of VEGF is associated with abnormal angiogenesis in many types of cancers. Vascular endothelial growth factor is capable of regulating angiogenic processes, including endothelial cell migration and proliferation, neovascular survival, capillary tube formation and permeability, among others.[13](#cas13536-bib-0013){ref-type="ref"} Vascular endothelial growth factor exerts its biological effects by activating RTK, VEGFR1, VEGFR2, and VEGFR3.[12](#cas13536-bib-0012){ref-type="ref"} Of these receptors, VEGFR2 plays the major role in regulating angiogenesis.[14](#cas13536-bib-0014){ref-type="ref"} Inhibition of VEGF/VEGFR signaling has been considered a promising therapeutic approach against solid tumors.

Some monoclonal antibodies against VEGF or VEGFR, such as bevacizumab (anti‐VEGF) and ramucirumab (anti‐VEGFR2), have recently been approved for cancer therapy and shown to exhibit sustained target inhibition and good safety profiles owing to their high specificity.[15](#cas13536-bib-0015){ref-type="ref"}, [16](#cas13536-bib-0016){ref-type="ref"}, [17](#cas13536-bib-0017){ref-type="ref"} However, monoclonal antibodies have drawbacks that limit their application in the clinic, including the requirement for i.v. dosing, their immunogenicity and potential to induce autoimmune diseases after long‐term treatment, as well as their high cost for patients. A growing number of small‐molecule VEGFR TKI, including sunitinib, sorafenib and pazopanib, have been described in the past 10 years;[18](#cas13536-bib-0018){ref-type="ref"} however, these drugs have poor kinase selectivity. As a consequence, they require high daily dosing, and thus lead to unexpected adverse effects.[19](#cas13536-bib-0019){ref-type="ref"} Accordingly, small‐molecule inhibitors that are more potent and selective would hopefully reduce off‐target effects and overall drug exposure, and circumvent the limitations of antibodies.

Anlotinib (1‐\[\[\[4‐(4‐fluoro‐2‐methyl‐1H‐indol‐5‐yloxy)‐6‐methoxyquinolin‐7‐Yl\] oxy\] methyl\]cyclopropanamine dihydrochloride) (Figure [1](#cas13536-fig-0001){ref-type="fig"}A), characterized as a highly selective and potent VEGFR2 inhibitor, was identified through screens based on inhibition of VEGFR2 kinase. Clinical phase III trials of anlotinib have been completed in China, and clinical phase II trials against a variety of malignancies are currently underway in the USA. At a once‐daily dose of 12 mg, anlotinib showed manageable toxicity, a long circulation time, and broad‐spectrum antitumor potential in clinical trials.[20](#cas13536-bib-0020){ref-type="ref"}

![Characterization of anlotinib as a vascular endothelial growth factor receptor‐2 (VEGFR2) inhibitor. A, Chemical structure of anlotinib. B, Molecular modeling of the VEGFR2--anlotinib/sunitinib complex. Hydrogen bonds are presented as yellow dashed lines, and critical residues are presented as maroon sticks. Anlotinib (cyan, docked pose with structure PDB code 4ASD) and sunitinib (orange, from crystallographic structure PDB code 4AGD). C, Molecular modeling of the c‐Kit--anlotinib complex (orange) and VEGFR2--anlotinib complex (cyan). Hydrogen bonds are presented as yellow dashed lines, and critical residues are presented as maroon sticks (VEGFR2) and dark green sticks (c‐Kit)](CAS-109-1207-g001){#cas13536-fig-0001}

In the present study, we carried out pharmacological characterization of anlotinib in preclinical models. Anlotinib inhibited tumor development mainly through highly potent and specific suppression of VEGFR2, resulting in potent anti‐angiogenesis and broad‐spectrum antitumor activity. Thus, these studies provide a rationale for the ongoing clinical evaluation of anlotinib as an anticancer agent.

2. MATERIALS AND METHODS {#cas13536-sec-0002}
========================

2.1. Materials {#cas13536-sec-0003}
--------------

Anlotinib was provided by Chia Tai Tianqing Pharmaceutical Group Co., Ltd (Nanjing, China). Sunitinib and sorafenib were purchased from Selleckchem (Houston, TX, USA). Each of these drugs was prepared as a 10‐mmol/L stock solution in DMSO (in vitro studies) or normal saline (in vivo studies).

Recombinant human VEGF, SCF, and PDGF‐BB were purchased from R&D Systems (Minneapolis, MN, USA). Antibodies to c‐Kit, p‐c‐Kit, β‐tubulin, CD31, p‐ERK1/2, Akt, p‐Akt, PDGFRβ, p‐PDGFRβ, HER2, p‐HER2, VEGFR2, and p‐VEGFR2 were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies to PY99 and ERK1/2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HRP‐conjugated secondary anti‐rabbit/mouse IgG antibodies were purchased from Calbiochem (Millipore, Bedford, MA, USA).

2.2. Animals and cell lines {#cas13536-sec-0004}
---------------------------

All animal experiments were approved by the Institute Animal Review Boards of Shanghai Institute of Materia Medica, Chinese Academy of Sciences, with firm adherence to the ethical guidelines for the care and use of animals.

Human mast cell line‐1 (HMC‐1) was a generous gift from Dr J. H. Butterfield of the Mayo Clinic (Rochester, MN, USA). The Mo7e acute myeloid leukemia cell line was provided by the Genetics Institute (Boston, MA, USA). All other tumor cell lines were purchased from the ATCC (Manassas, VA, USA). Cells were cultured according to instructions provided by the ATCC. HUVEC were isolated from human umbilical cord veins as described previously[21](#cas13536-bib-0021){ref-type="ref"} and kept in medium 199 (Gibco, Waltham, MA, USA) supplemented with 20% FBS (Gibco) and endothelial cell growth supplement (Sigma, St Louis, MO, USA). All cells were incubated in a humidified atmosphere with 5% CO~2~ at 37°C.

2.3. Enzyme‐linked immunosorbent assay {#cas13536-sec-0005}
--------------------------------------

Inhibitory activity of anlotinib against tyrosine kinases was determined using ELISA, as described previously.[22](#cas13536-bib-0022){ref-type="ref"} Reaction of ATP with tyrosine kinase was initiated in reaction buffer (50 mmol/L HEPES pH 7.4, 50 mmol/L MgCl~2~, 0.5 mmol/L MnCl~2~, 0.2 mmol/L Na~3~VO~4~, 1 mmol/L DTT) and incubated for 1 hour at 37°C in 96‐well plates precoated with 20 μg/mL Poly(Glu,Tyr)4:1 (Sigma). The plate was incubated with PY99 antibody and then with HRP‐conjugated anti‐mouse IgG. After reaction with *o*‐phenylenediamine solution and then termination with the addition of 2N H~2~SO~4~, absorbance was measured at 490 nm using a Synergy H4 Hybrid reader (Bio‐Tek Instruments, Winooski, VT, USA).

2.4. Molecular modeling {#cas13536-sec-0006}
-----------------------

Molecular modeling calculations were based on crystallographic data for the structure 4ASD, 4AGD (for VEGFR‐2) and 3G0E (for KIT), and were carried out using Schrödinger Suite 2015‐2. Three‐dimensional structures of anlotinib and sunitinib were constructed using the Maestro module[23](#cas13536-bib-0023){ref-type="ref"} and prepared using the LigPrep 3.4[24](#cas13536-bib-0024){ref-type="ref"} module in the Schrödinger suite of tools. Docking studies were carried out using Glide 6.7[25](#cas13536-bib-0025){ref-type="ref"} in the Maestro application. Ligand docking simulations were carried out using the default standard precision scoring function and flexible docking, and adding Epik[26](#cas13536-bib-0026){ref-type="ref"} state penalties to docking scores in Glide. The obtained docked poses were analyzed with Maestro version 10.2[23](#cas13536-bib-0023){ref-type="ref"} and PyMOL version 1.8.[27](#cas13536-bib-0027){ref-type="ref"}

2.5. Western blot analysis {#cas13536-sec-0007}
--------------------------

Cells were collected at the end of treatment and lysed in SDS sample buffer (100 mmol/L Tris‐HCl pH 6.8, 2% SDS, 20% glycerol, 1 mmol/L DTT). Cell lysates containing equal amounts of protein were separated by SDS‐PAGE and electroblotted onto PVDF membranes (Millipore). Blots were probed with specific primary antibodies and then with HRP‐conjugated secondary antibodies. Proteins were detected by immunoblotting using the western blot imaging System (Clinx Science Instruments, Shanghai, China).

2.6. Endothelial cell migration assay {#cas13536-sec-0008}
-------------------------------------

HUVEC (2 × 10^5^/mL) were suspended in M199 medium containing 1% FBS and different concentrations of drugs, and then seeded into the top Transwell chamber. M199 containing 1% FBS, with or without VEGF‐A (20 ng/mL) supplementation, was added into the lower compartment. After incubation for 8 hours at 37°C, cells that had migrated to the bottom of the membrane were fixed with 90% ethanol and stained with a 0.1% crystal violet solution. The migrated cells were then imaged using an inverted microscope (Olympus, Osaka, Japan). The dye was extracted with a 10% acetic acid solution and absorbance was measured at 590 nm.

2.7. Tube‐formation assay {#cas13536-sec-0009}
-------------------------

An in vitro capillary tube‐formation assay was carried out as described previously.[28](#cas13536-bib-0028){ref-type="ref"} Briefly, Matrigel (80 μL/well) was added to a prechilled 96‐well plate and incubated at 37°C for 30 minutes. HUVEC (1 × 10^5^/mL) were then suspended in M199 culture medium containing 20% FBS and different concentrations of drugs, and added to each well. After incubating for 6 hours, cells were imaged for capillary tube formation at high magnification (Olympus).

2.8. Rat aortic ring assay {#cas13536-sec-0010}
--------------------------

Rat aortic ring assays were carried out as described previously.[29](#cas13536-bib-0029){ref-type="ref"} The thoracic aorta was dissected from male Sprague‐Dawley rats (6 weeks old) and cut into 1‐mm‐long rings. The sections were placed in a 96‐well plate embedded with Matrigel (80 μL/well) and incubated at 37°C for 1 hour. M199 medium containing VEGF‐A (50 ng/mL) and different concentrations of drugs was subsequently added to each well. After 7 days, sprouting microvessels in 5 randomly chosen fields were counted and photographed under an inverted microscope (Olympus).

2.9. Cell viability inhibition assay {#cas13536-sec-0011}
------------------------------------

Cells were seeded in 96‐well plates and treated with serial dilutions of drugs. After a 72‐hour incubation, cell proliferation was evaluated by sulforhodamine B (SRB; Sigma) assay.[30](#cas13536-bib-0030){ref-type="ref"} Potency of drugs in inhibiting cell proliferation was expressed as IC~50~ values, determined using GraphPad Prism version 5 curve‐fitting software (GraphPad Software, San Diego, CA, USA).

2.10. In vivo study {#cas13536-sec-0012}
-------------------

Female nude mice (Balb/cA‐nude, 5‐6 weeks old), purchased from Shanghai Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, China), were housed in sterile cages under laminar airflow hoods in a specific pathogen‐free room with a 12‐hour light/12‐hour dark schedule, and fed autoclaved chow and water ad libitum. Human tumor xenografts were established by s.c. inoculating cells into the left axilla of nude mice. When tumor volumes reached 100‐200 mm^3^, mice were divided randomly into control and treatment groups. Control groups were given vehicle alone, and treatment groups received oral anlotinib or sunitinib daily. Tumor volume was calculated as (length × width^2^)/2. Tumor growth inhibition was calculated from the start of treatment by comparing changes in tumor volumes for control and treatment groups.

2.11. Immunohistochemistry {#cas13536-sec-0013}
--------------------------

Vessel density was determined by analyzing the expression of CD31, an endothelial marker, using immunohistochemistry. Briefly, nude mice harboring SW620 tumor xenografts were treated with oral anlotinib or sunitinib daily for 14 days. Tumor sections were subsequently prepared from formalin‐fixed and paraffin‐embedded tumor tissues. Expression of CD31 in tumor tissues was assessed using a rabbit anti‐mouse antibody in conjunction with an UltraSensitive S‐P kit (Maixin‐Bio, Fuzhou, China) according to the manufacturer\'s instructions.

2.12. Statistical analysis {#cas13536-sec-0014}
--------------------------

All data were expressed as means ± SD or means ± SEM. Statistical analyses were carried out using an unpaired, two‐tailed Student\'s *t* test. Differences were considered significant at *P*‐values \<.05.

3. RESULTS {#cas13536-sec-0015}
==========

3.1. Anlotinib directly binds to VEGFR2 and strongly inhibits its activity {#cas13536-sec-0016}
--------------------------------------------------------------------------

Inhibitory effect of anlotinib (Figure [1](#cas13536-fig-0001){ref-type="fig"}A) against a panel of tyrosine kinases was measured using ELISA. As shown in Table [1](#cas13536-tbl-0001){ref-type="table-wrap"}, anlotinib showed high selectivity for VEGF family members, especially VEGFR2 and VEGFR3, with IC~50~ values of 0.2 and 0.7 nmol/L, respectively. Anlotinib was 20‐fold more potent than sunitinib for inhibition of VEGF2/3, but generally exhibited inhibitory activity similar to that of sunitinib against other tyrosine kinases. The inhibitory potency of anlotinib against VEGFR1 was lower, with an IC~50~ value of 26.9 nmol/L. The IC~50~ values of anlotinib for inhibition of the PDGFR‐related kinases c‐Kit and PDGFRβ were 14.8 and 115.0 nmol/L, respectively. Anlotinib had little effect on the activity of other kinases, including c‐Met, c‐Src, EGFR and HER2, even at a concentration of 2000 nmol/L.

###### 

In vitro kinase inhibition profile of anlotinib

  Kinase   IC~50~ (nmol/L, mean ± SD)   
  -------- ---------------------------- -------------
  VEGFR2   0.2 ± 0.1                    4.0 ± 2.9
  c‐Kit    14.8 ± 2.5                   11.0 ± 1.5
  PDGFRβ   115.0 ± 62.0                 7.7 ± 2.2
  VEGFR1   26.9 ± 7.7                   71.5 ± 12.8
  VEGFR3   0.7 ± 0.1                    15.7 ± 2.1
  c‐Met    \>2000                       \>2000
  c‐Src    \>2000                       \>2000
  HER2     \>2000                       \>2000
  EGFR     \>2000                       \>2000

Potency of anlotinib against recombinant tyrosine kinases in vitro, expressed as IC~50~. Values are presented as mean ± SD (n = 3).

EGFR, epidermal growth factor receptor; PDGFRβ, platelet‐derived growth factor receptor β; VEGFR1, vascular endothelial growth factor receptor‐1; VEGFR2, vascular endothelial growth factor receptor‐2; VEGFR3, vascular endothelial growth factor receptor‐3.

John Wiley & Sons, Ltd

Given the high inhibitory potency of anlotinib toward VEGFR2 in enzymatic assays, we carried out a molecular docking approach to investigate the potential binding sites of anlotinib in VEGFR2 and its possible binding mode. According to previous reports, the ATP‐binding pocket of VEGFR2 is defined as including a hinge region and a hydrophobic region.[31](#cas13536-bib-0031){ref-type="ref"}, [32](#cas13536-bib-0032){ref-type="ref"}, [33](#cas13536-bib-0033){ref-type="ref"} As shown Figure [1](#cas13536-fig-0001){ref-type="fig"}B, residues of the hinge region (Cys919 and Glu917) can form hydrogen bonds with adenine mimics. The hydrophobic region lies deep in the ATP‐binding pocket, near the DFG motif (Asp1046‐Phe1047‐Gly1048). The indole group of anlotinib is located in the hydrophobic region, a region not occupied by sunitinib, indicating that anlotinib may bind deeper into the ATP‐binding pocket of VEGFR2 than sunitinib. Next, the binding modes of anlotinib in the ATP‐binding pocket of VEGFR2 were compared with that of c‐KIT. As shown in Figure [1](#cas13536-fig-0001){ref-type="fig"}C, the hydrophobic region of VEGFR2 is larger than that of c‐KIT; thus, binding to the indole group of anlotinib occurs deeper in this region of VEGFR2 than was the case in c‐KIT.

3.2. Anlotinib selectively inhibits VEGF‐stimulated receptor phosphorylation {#cas13536-sec-0017}
----------------------------------------------------------------------------

Next, we further determined the effects of anlotinib on different kinds of RTK by measuring growth factor‐stimulated receptor autophosphorylation in intact cells. Ligand‐dependent kinase receptor phosphorylation was evaluated using cell lines that overexpress RTK of interest, respectively.[34](#cas13536-bib-0034){ref-type="ref"}, [35](#cas13536-bib-0035){ref-type="ref"} As shown in Figure [2](#cas13536-fig-0002){ref-type="fig"}A, anlotinib inhibited VEGF‐stimulated intracellular phosphorylation of VEGFR2 in a concentration‐dependent way in HUVEC with a subnanomolar IC~50~ value; ERK1/2, which has been reported to be downstream of VEGF,[36](#cas13536-bib-0036){ref-type="ref"} was phosphorylated by stimulating cells with VEGF, and was also inhibited by anlotinib. Even at a concentration of 0.1 nmol/L, anlotinib produced a clear inhibitory effect. Anlotinib inhibited SCF‐1‐stimulated phosphorylation of c‐Kit, AKT and ERK in Mo7e cells (Figure [2](#cas13536-fig-0002){ref-type="fig"}B). Anlotinib also inhibited PDGF‐BB‐stimulated phosphorylation of PDGFRβ, AKT and ERK in U‐87MG cells (Figure [2](#cas13536-fig-0002){ref-type="fig"}C). However, these inhibitory activities were lower than that of VEGFR2. Neither EGFR‐mediated signaling stimulated by EGF in A431 cells (Figure [2](#cas13536-fig-0002){ref-type="fig"}D) nor the constitutive HER2 signaling in BT‐474 cells was affected by anlotinib, even at a concentration of 1000 nmol/L (Figure [2](#cas13536-fig-0002){ref-type="fig"}E). In accordance with the kinase selectivity profile, these results indicate that anlotinib shows a high degree of selectivity for inhibition of VEGF/VEGFR2 signaling.

![Effects of anlotinib on growth factor‐stimulated receptor phosphorylation. Serum‐starved (A) HUVEC, (B) Mo7e, (C) U‐87MG and (D) A431 cells were treated with different concentrations of test agents for 1.5 h and then stimulated with vascular endothelial growth factor (VEGF; 20 ng/mL), stem cell factor‐1 (SCF‐1; 2.5 ng/mL), platelet‐derived growth factor‐BB (PDGF‐BB; 10 ng/mL), or epidermal growth factor (EGF; 10 ng/mL) for 10 min, respectively. E, BT‐474 cells which have constitutive HER2 autophosphorylation and downstream signaling activation were treated with test agents for 1.5 h. Cell lysates were probed with the indicated antibodies](CAS-109-1207-g002){#cas13536-fig-0002}

3.3. Anlotinib selectively inhibits VEGF‐stimulated proliferation of HUVEC {#cas13536-sec-0018}
--------------------------------------------------------------------------

Given the importance of VEGF/VEGFR2 signaling in endothelial cell proliferation, we next evaluated the antiproliferative activity of anlotinib. Consistent with the aforementioned results, anlotinib potently inhibited VEGF‐stimulated HUVEC proliferation, with an IC~50~ value of 0.0002 μmol/L (Figure [3](#cas13536-fig-0003){ref-type="fig"}A). By comparison, sunitinib and sorafenib inhibited VEGF‐stimulated HUVEC proliferation with IC~50~ values of 0.0185 and 0.195 μmol/L, respectively. Notably, the IC~50~ value of anlotinib for FBS‐stimulated HUVEC proliferation was 2.0 μmol/L (Figure [3](#cas13536-fig-0003){ref-type="fig"}A), indicating that anlotinib selectively inhibits VEGFR‐dependent HUVEC proliferation.

![Inhibitory effects of anlotinib on cell proliferation. A, Inhibitory effect of anlotinib on vascular endothelial growth factor (VEGF)‐ or FBS‐stimulated HUVEC proliferation. HUVEC were incubated with different concentrations of drugs together with FBS (20%) or VEGF (20 ng/mL). B, Effects of anlotinib on tumor cell proliferation. Tumor cells were cultured with 10% FBS and then treated with anlotinib. Cell viability was determined by sulforhodamine B (SRB) assay. IC ~50~ values are presented as means ± SD of 3 independent experiments](CAS-109-1207-g003){#cas13536-fig-0003}

We next examined the ability of anlotinib to inhibit tumor cell growth in vitro in a panel of tumor cells with different gene backgrounds,[34](#cas13536-bib-0034){ref-type="ref"}, [35](#cas13536-bib-0035){ref-type="ref"} focusing specifically on whether such inhibitory action was attributable to a direct antiproliferative effect. As shown in Figure [3](#cas13536-fig-0003){ref-type="fig"}B, anlotinib only inhibited FBS‐stimulated tumor cell proliferation at comparatively high concentrations in all these tested tumor cell lines which showed different mRNA expression levels of VEGF/VEGFR2 tested by RT‐PCR analysis (Figure [S1](#cas13536-sup-0001){ref-type="supplementary-material"}; Data [S1](#cas13536-sup-0002){ref-type="supplementary-material"}) or other RTK,[34](#cas13536-bib-0034){ref-type="ref"}, [35](#cas13536-bib-0035){ref-type="ref"} with IC~50~ values ranging from 3.0 to 12.5 μmol/L. These values are more than 10 000‐fold greater than that for VEGF‐stimulated HUVEC proliferation, suggesting that the antitumor effects of anlotinib are primarily attributable to inhibition of VEGFR2‐dependent signaling.

3.4. Anlotinib inhibits angiogenesis in in vitro bioassays {#cas13536-sec-0019}
----------------------------------------------------------

The VEGFR signaling cascade is known to play important roles in angiogenesis, a process mediated mainly by endothelial cells that results in the formation of new blood capillaries from existing vessels.[37](#cas13536-bib-0037){ref-type="ref"}, [38](#cas13536-bib-0038){ref-type="ref"} To investigate the anti‐angiogenic activity of anlotinib, we examined the effect of anlotinib on the migration of HUVEC in Transwell assays. As shown in Figure [4](#cas13536-fig-0004){ref-type="fig"}A, anlotinib inhibited the migration of HUVEC to the lower side of the filter in the Transwell chamber in response to VEGF stimulation. This effect was concentration dependent, with an IC~50~ value of 0.1 nmol/L. At a concentration of 100 nmol/L, sunitinib also significantly inhibited the migration of HUVEC.

![Inhibitory effects of anlotinib on angiogenesis in vitro. A, Effect of anlotinib on HUVEC migration induced by vascular endothelial growth factor (VEGF)‐A. B, Effect of anlotinib on FBS‐stimulated HUVEC tube formation. C, Effect of anlotinib on VEGF‐stimulated microvessel sprouting from rat aortic rings. Representative images are shown and data are presented as the mean ± SD of 3 independent experiments. \**P* \< .05, \*\**P* \< .01 compared with VEGF‐ or FBS‐treated groups](CAS-109-1207-g004){#cas13536-fig-0004}

It has been reported that VEGF cannot induce tube formation of HUVEC when cultured on Matrigel, so 20% FBS was selected as a stimulating factor to evaluate the effect of anlotinib on the tube formation of HUVEC.[34](#cas13536-bib-0034){ref-type="ref"}, [39](#cas13536-bib-0039){ref-type="ref"} As shown in Figure [4](#cas13536-fig-0004){ref-type="fig"}B, anlotinib inhibited the ability of HUVEC to form tubes in a concentration‐dependent way. Following treatment with 100 nmol/L anlotinib, few enclosed tubes were detected.

Inhibition of tumor angiogenesis by anlotinib was further confirmed in the rat aortic ring culture model, which mimics several stages of angiogenesis, including endothelial cell proliferation, migration, and tube formation.[28](#cas13536-bib-0028){ref-type="ref"} As expected, stimulation with 50 ng/mL VEGF resulted in much greater formation of microvessels surrounding the rat aortic ring (Figure [4](#cas13536-fig-0004){ref-type="fig"}C). Treatment of aortic ring cultures with 1 nmol/L anlotinib inhibited microvessel formation by 38.1%; at a concentration of 100 nmol/L, anlotinib caused near complete inhibition of budding of the aortic ring.

3.5. Antitumor efficacy of anlotinib in human xenograft models {#cas13536-sec-0020}
--------------------------------------------------------------

Given the encouraging anti‐angiogenic effects of anlotinib activity in vitro, we next evaluated the in vivo antitumor potential of anlotinib in the human colon cancer SW620 xenograft model. Once‐daily oral dose of anlotinib caused dose‐dependent inhibition of tumor growth (Figure [5](#cas13536-fig-0005){ref-type="fig"}A,C), inhibiting tumor growth by 83% compared with controls at a dose of 3 mg/kg. By comparison, the dose of sunitinib required to achieve comparable efficacy was 50 mg/kg in this model. Moreover, anlotinib had little effect on bodyweight in mice during the course of the experiment in all groups (Figure [5](#cas13536-fig-0005){ref-type="fig"}B). We further assessed tumor angiogenesis by measuring microvessel density in extracted tumors using an immunohistochemical analysis for CD31, an endothelial cell marker. Anlotinib induced a significant decrease in CD31‐positive microvessels, yielding inhibition rates of 48.9%, 76.3% and 91.2% at doses of 0.75, 1.5 and 3 mg/kg, respectively (Figure [5](#cas13536-fig-0005){ref-type="fig"}D). By comparison, sunitinib at a dose of 50 mg/kg inhibited microvessel density by 63.6%.

![In vivo antitumor efficacy of anlotinib in SW620 tumor xenografts. (A,B) SW620 tumor‐bearing mice were orally given vehicle (n = 12) or the indicated doses of anlotinib or sunitinib (n = 6) daily for 18 d. A, Tumor volumes and (B) mouse bodyweights were determined twice weekly during the course of the experiment. C, Photographs of tumors on the final day. D, Immunohistochemical detection of the endothelial cell‐specific marker, CD31, in tumor tissue sections of SW620 xenografts. Data are presented as means ± SEM. \**P* \< .05, \*\**P* \< .01 vs vehicle](CAS-109-1207-g005){#cas13536-fig-0005}

The in vivo antitumor potential of anlotinib was further investigated in multiple xenograft models, created by inoculating human cancer cell lines with the different mRNA expression levels of VEGF/VEGFR2 (Figure [S1](#cas13536-sup-0001){ref-type="supplementary-material"}; Data [S1](#cas13536-sup-0002){ref-type="supplementary-material"}) or other RTK.[35](#cas13536-bib-0035){ref-type="ref"}, [40](#cas13536-bib-0040){ref-type="ref"} Our study and other reports[40](#cas13536-bib-0040){ref-type="ref"}, [41](#cas13536-bib-0041){ref-type="ref"} cannot establish the relationship between VEGF/VEGFR2 expression in tumor cells and the antitumor activity of VEGFR inhibitors including anlotinib/sunitinib. Once‐daily oral dosage of anlotinib produced a dose‐dependent inhibition of tumor growth in all tumor models tested (Table [2](#cas13536-tbl-0002){ref-type="table-wrap"}; Figure [6](#cas13536-fig-0006){ref-type="fig"}). At a dose of 3 mg/kg, anlotinib inhibited tumor growth by 55%, 80%, 91% and 97% in U‐87MG, Caki‐1, Calu‐3 and SK‐OV‐3 xenografts, respectively, measured on the final treatment day. Moreover, it caused tumor regression in both Calu‐3 and SK‐OV‐3 tumor xenograft models. Treatment with a higher dose of anlotinib (6 mg/kg) inhibited tumor growth by 95% in these latter xenograft models; importantly, tumors did not rebound within 12 days after termination of anlotinib. As was the case at 3 mg/kg, anlotinib at 6 mg/kg caused tumor regression in both Calu‐3 and SK‐OV‐3 tumor xenograft models.

###### 

In vivo efficacy of anlotinib against a panel of human tumor xenografts

  Tumor xenograft   Tumor origin   Compound                                       Dose (mg/kg)   %TGI (%)                                       \% Regression
  ----------------- -------------- ---------------------------------------------- -------------- ---------------------------------------------- ---------------
  SW620             Colon          Anlotinib                                      0.75           50[\*\*](#cas13536-note-0005){ref-type="fn"}   ---
  Anlotinib         1.5            62[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  Anlotinib         3              83[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  Sunitinib         50             78[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  U‐87MG            Glioma         Anlotinib                                      1.5            43[\*\*](#cas13536-note-0005){ref-type="fn"}   ---
  Anlotinib         3              55[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  Anlotinib         6              88[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  Sunitinib         50             44[\*](#cas13536-note-0005){ref-type="fn"}     ---                                                           
  Caki‐1            Kidney         Anlotinib                                      0.75           48                                             ---
  Anlotinib         1.5            27                                             ---                                                           
  Anlotinib         3              80[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  Sunitinib         50             78[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  SK‐OV‐3           Ovarian        Anlotinib                                      1.5            86[\*\*](#cas13536-note-0005){ref-type="fn"}   ---
  Anlotinib         3              97[\*\*](#cas13536-note-0005){ref-type="fn"}   17                                                            
  Anlotinib         6              95[\*\*](#cas13536-note-0005){ref-type="fn"}   17                                                            
  Sunitinib         50             88[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           
  Calu‐3            Lung           Anlotinib                                      1.5            57[\*\*](#cas13536-note-0005){ref-type="fn"}   ---
  Anlotinib         3              91[\*\*](#cas13536-note-0005){ref-type="fn"}   17                                                            
  Anlotinib         6              95[\*\*](#cas13536-note-0005){ref-type="fn"}   50                                                            
  Sunitinib         50             92[\*\*](#cas13536-note-0005){ref-type="fn"}   ---                                                           

Tumor‐bearing mice received vehicle (n = 12), anlotinib or sunitinib (n = 6) p.o. daily at the indicated doses, with the exception of anlotinib at 6 mg/kg in SK‐OV‐3 and Calu‐3 xenografts, which was orally given daily for 9 d only. Tumor growth inhibition (TGI) was calculated from the start of treatment by comparing changes in tumor volume for vehicle and treatment groups. "---" means no regression.

\**P* \< .05, \*^\*^ *P* \< .01 compared with control groups.

John Wiley & Sons, Ltd

![In vivo antitumor activity of anlotinib against a panel of tumor xenografts. A, U‐87MG, (B) Caki‐1, (C) SK‐OV‐3, and (D) Calu‐3 tumor‐bearing mice were orally given vehicle (n = 12) or the indicated doses of anlotinib or sunitinib (n = 6) daily. In SK‐OV‐3 and Calu‐3 xenograft models, anlotinib at 6 mg/kg was orally given daily for only 9 d. Data are presented as means ± SEM. \*\**P* \< .05, \*\**P* \< .01 vs vehicle](CAS-109-1207-g006){#cas13536-fig-0006}

4. DISCUSSION {#cas13536-sec-0021}
=============

Angiogenesis plays a central role in tumor growth and metastasis. Among the factors involved in tumor angiogenesis, the one most closely linked to this process is VEGFR2, which drives angiogenesis through binding to its natural ligand VEGF. Neutralizing VEGF/VEGFR2 interactions with monoclonal antibodies and blocking VEGFR kinase activity with small‐molecule inhibitors are major approaches for targeting VEGF/VEGFR signaling in the treatment of solid tumors.[42](#cas13536-bib-0042){ref-type="ref"}, [43](#cas13536-bib-0043){ref-type="ref"} Several oral, non‐specific VEGFR2 TKI have been approved for cancer therapy in the past 10 years.[44](#cas13536-bib-0044){ref-type="ref"} Moreover, the selective anti‐VEGFR2 antibody ramucirumab was recently shown to exert beneficial effects in gastric and lung cancers.[16](#cas13536-bib-0016){ref-type="ref"}, [17](#cas13536-bib-0017){ref-type="ref"} Ultimately, it would be desirable to develop VEGFR2 inhibitors that combine the advantages of sustained target inhibition and associated long half‐life produced by antibodies with the convenient oral dosing and lower cost of small‐molecule kinase inhibitors.

In the current study, we characterized anlotinib as a highly potent and specific small‐molecule VEGFR2 inhibitor that shows significant anti‐angiogenesis and broad antitumor activity against human tumor xenografts. In assays for VEGFR2 tyrosine kinase activity, anlotinib had an IC~50~ value of 0.2 nmol/L, making this agent extremely potent compared with other well‐known VEGFR2 inhibitors.[36](#cas13536-bib-0036){ref-type="ref"} Anlotinib was also highly selective, showing a preference for inhibition of VEGFR2 compared with other tyrosine kinases (except for VEGFR3) that ranged from \>74‐fold to \>10 000‐fold. Most of these other clinical small‐molecule inhibitors of VEGFR2 have poor kinase selectivity. In fact, many of them inhibit more than 10 kinases with similar potency.[18](#cas13536-bib-0018){ref-type="ref"} Docking simulations revealed that anlotinib may form an extra interaction with VEGFR2, binding to the hydrophobic region that lies deep in the ATP‐binding pocket. As hydrophobic regions are not structurally conserved across different tyrosine kinases, the interaction with this region may account for the higher potency and selectivity of anlotinib toward VEGFR2. This improved selectivity and potency against VEGFR2 may enhance the tolerability of the drug in the clinic, and allow anlotinib to be delivered at higher doses with less toxicity. Anlotinib also showed highly potent (low nanomolar) inhibitory activity towards the VEGFR3 enzyme, which has a critical role in lymphangiogenesis.[45](#cas13536-bib-0045){ref-type="ref"}, [46](#cas13536-bib-0046){ref-type="ref"} Vascular endothelial growth factor receptor‐3 does not bind to VEGF or VEGF‐B, but binds instead to the homologous peptides, VEGF‐C and VEGF‐D. Notably, a prognostic link between expression of VEGF‐C/VEGF‐D and nodal metastasis has been identified in some tumor types.[47](#cas13536-bib-0047){ref-type="ref"}, [48](#cas13536-bib-0048){ref-type="ref"} Therefore, inhibition of VEGFR3 signaling may also have therapeutic benefit in limiting subsequent tumor dissemination.

Anlotinib inhibited VEGF‐stimulated phosphorylation of VEGFR2 and its downstream target ERK1/2 in HUVEC at low nanomolar levels, and resulted in inhibition of HUVEC proliferation in a VEGFR‐dependent way. Overall, micromolar concentrations of anlotinib were required to inhibit FBS‐stimulated proliferation of HUVEC or tumor cells in vitro, concentrations that were not attained in the in vivo setting of tumor xenograft experiments. Effective concentrations of anlotinib in plasma and tumor tissues were both at the nanomolar level---well above the concentration of anlotinib required to inhibit angiogenesis in vitro. Thus, the antiproliferative effects on vascular endothelial cells that underlie the antitumor efficacy of anlotinib likely reflect blocking VEGF/VEGFR2 signaling rather than direct cytotoxic effects on cancer cells. Accordingly, anlotinib may lead to lower toxicity compared with other well‐known receptor TKI or conventional chemotherapeutic drugs, which directly kill normal and cancerous cells by inhibiting proliferation and/or inducing apoptosis.

Endothelial cell migration and proliferation are critical events in angiogenesis.[49](#cas13536-bib-0049){ref-type="ref"} In the present study, anlotinib showed potent inhibition of its targets, leading to disruption of cellular processes that have been implicated in angiogenesis and tumorigenesis, including migration and tube formation. Anlotinib also inhibited microvessel outgrowth from rat aortic rings in vitro at low nanomolar levels. In an in vivo setting, this translated into profound changes in tumor physiology and disruptions in tumor vasculature. Because of their genetic instability, cancer cells easily acquire drug resistance during chemotherapy. For example, EGFR mutations in lung adenocarcinoma may cause acquired resistance to erlotinib or gefitinib,[50](#cas13536-bib-0050){ref-type="ref"} and rearrangements in the ALK (anaplastic lymphoma kinase) gene in advanced non‐small cell lung cancer lead to resistance to crizotinib.[51](#cas13536-bib-0051){ref-type="ref"} Angiogenesis is a phenomenon observed in many kinds of tumors, and endothelial cells rarely acquire resistance because of genetic stability. Thus, it is expected that anlotinib would also be effective in these multidrug‐resistant cancer patients. Notable in this context, a recent randomized, double‐blind, placebo‐controlled phase III study (NCT02388919) in patients with advanced non‐small cell lung cancer harboring EGFR or ALK mutations, and who failed previous match‐targeted therapies, showed that median overall survival following anlotinib treatment was 9.6 months compared with 6.3 months for patients in control groups.[52](#cas13536-bib-0052){ref-type="ref"}

In the present study, we used multiple tumor xenograft models with different genetic backgrounds. Anlotinib was efficacious at doses (1.5‐6 mg/kg daily) that are significantly lower than effective doses of other TKI, which require doses of 20‐100 mg/kg to achieve significant inhibition of tumor growth in mice.[53](#cas13536-bib-0053){ref-type="ref"}, [54](#cas13536-bib-0054){ref-type="ref"} In all tumor xenograft models tested, anlotinib at a dose of 3 mg/kg showed antitumor activity comparable to that produced by the well‐known TKI sunitinib at a dose of 50 mg/kg. Importantly, tumors did not rebound after treatment with 6 mg/kg anlotinib, measured 12 days after termination of anlotinib treatment, and tumor regression was observed in some tumor xenograft models, suggesting sustained target inhibition. Our preclinical results suggest that anlotinib exerts its antitumor activity mainly by abrogating angiogenesis through specific effects on VEGFR2, and thus may lead to a wider anticancer spectrum and fewer side‐effects. Notably, it has been shown that anlotinib is clinically effective against a wide variety of tumors and shows manageable toxicity, while decreasing gastrointestinal toxicity compared with other receptor TKI.[20](#cas13536-bib-0020){ref-type="ref"} Hypoxia has traditionally been viewed as a consequence of malignant tumor growth, and it is now widely appreciated to play a critical role in the development and progression of tumors.[41](#cas13536-bib-0041){ref-type="ref"} It has been reported that long‐term treatment with VEGFR2 kinase inhibitors may cause tumor progression, partially because of hypoxia‐induced epithelial to mesenchymal transition (EMT).[55](#cas13536-bib-0055){ref-type="ref"}, [56](#cas13536-bib-0056){ref-type="ref"} However, some reports have shown that VEGFR inhibitors significantly inhibit hypoxia‐induced EMT and tumor progression.[57](#cas13536-bib-0057){ref-type="ref"}, [58](#cas13536-bib-0058){ref-type="ref"}, [59](#cas13536-bib-0059){ref-type="ref"} Because the preclinical study of anlotinib was conducted for a short time, the long‐term effect of anlotinib is currently unclear and further studies are needed.

In summary, our study showed that anlotinib, characterized as a novel selective VEGFR2 inhibitor, has potent anti‐angiogenic and broad‐spectrum antitumor activity in preclinical models. These favorable pharmaceutical properties support ongoing clinical evaluations of anlotinib in patients with a variety of cancers.
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